This paper describes an investigation of the possibility of measuring small amounts of carbon dioxide in air by the absorption of infra-red radiation. It is shown that the method is simple, trustworthy and accurate, and is very sensitive for small amounts of carbon dioxide, of the order of that present in ordinary air. The principle is applied in a form superior to any hitherto used, in that the whole of the transmitted radiation is measured instead of merely the radiation at the maximum of a particular absorption band. This makes a spectrometer unnecessary, eliminates the disturbing effect of variation of temperature, and allows much less sensitive detecting apparatus to be used. The only preliminary treatment necessary is the removal of water vapour from the air under examination.
The estim ation of small quantities of carbon dioxide in air by the absorption of infra-red radiation
I n tr o d u c t io n
The accurate estim ation of small quantities of C 02 in air streams is a m atter of great importance in plant and animal physiology. The usual procedure has been to absorb the C 02 by an alkaline solution and measure its am ount by titration. This method, however, has serious disadvantages when applied to the estim ation of very small quantities of C02 with which the biologist is often concerned. A considerable improvement was effected when the electrical conductivity of the solution was substituted for the chemical methods of assessing the amount of C02 absorbed, thus making more frequent and more accurate estimations possible. This method, first used by Spoehrand McGee (1923) , has since been used for micro-estimations of C02 by Newton (1935) and H eath (1939) , and a modified form of their methods has been used by N utm an (1937) to measure the course of photo synthesis in the field.
An entirely new method was recently introduced by McAlister (1937) , depending on the fact th a t C 02 has a strong absorption band in the near infra-red, with a maximum a t about 4-3/u By passing a beam of radiation through the air under examination and afterwards through a spectroscope adjusted to measure the transmission a t this wave-length, he was able conveniently to measure very small variations of C02-content. I t was suggested to us by Professor F. G. Gregory, F.R.S., of the Research
Institute of Plant Physiology, Imperial College, th a t it was very desirable th a t the possibilities of this method should be systematically explored, and Dr F. J. N ut man, Physiologist to the Amani Research Institute, Tanganyika, then on a short visit to this country, kindly undertook the preliminary work under the direction of one of us and in close consultation with Professor Gregory. Dr N utm an's researches, consisting of investiga tions into the most practicable source of radiation and form of containing vessel, have been of great value, and the source and tubes used by us throughout were those recommended by him.
Estimation of small quantities of carbon dioxide air 469 P r in c ip l e of th e m ethod
The absorption band in question is a strong, wide one, and it a t once occurred to us th a t unnecessary demands on the sensitivity of the apparatus were made by restricting the observations to the position of its maximum. The advantage of so doing is th a t the proportion of radiation absorbed is greatest a t this position, but the total amount transm itted is so small th a t very delicate instruments are necessary to measure it. I t happens, however, th at the only other constituent of normal air which absorbs the near infra red is water vapour. I t is therefore sufficient to dry the air (or, alternatively, insert a water vapour filter in the path of the radiation, but preliminary experiments showed th a t this was less practicable) in order to make the whole range of radiation available for measurement. I t is then necessary merely to measure the total transmission of the air in order to estimate the amount of C02 present.
The advantages of this modification arc threefold, and are very great. First, as has already been remarked, the detecting apparatus need not be nearly so sensitive. Second, the spectroscope can be dispensed with, thus causing a great simplification and saving of cost. And, third, variation of temperature has a much smaller effect on the total absorption than on the absorption at a particular wave-length, since its chief effect is to shift the position of maximum absorption: the results are therefore subject to far less uncertainty.
We accordingly undertook to investigate the possibility of applying the total infra-red absorption to the estimation of the C02-content of ordinary air. The experiments here described show th a t the method is simple, sensitive, and trustworthy, and the arrangement we have used may be applicable with little modification to some outstanding biological problems. In view of the variety of these problems, however, we have not attem pted to work out the most convenient form in which the principle can be applied to any one of them, but have merely sought to establish its validity, to determine its sensitivity, and to give some indication of the degree of delicacy required in the apparatus used.
A ppa ra tu s
The apparatus is shown diagrammatically in figure 1. Two similar stainless-steel tubes, A and B, each about 180 cm. long and 2-5 cm. internal diameter, were placed in alignment, w ith a large fish-tail Meker burner (dimensions of grid about 10 cm. x 2 cm.) placed symmetrically between them. The ends of the tubes were closed by dark mica windows held in position by screwed-on caps; a coating of shellac varnish served to make the joints air-tight. Side tubes near the windows enabled the pressure to be varied and C02 to be introduced when necessary; a water pump was used for removing air from the tubes. Two Moll thermopiles, Tx and T2, were placed, one a t the farther end of each tube, and were connected to pump F ig u r e 1 through a galvanometer, G, and a variable resistance, R, opposed one another when radiation was received by the piles. A thick wrapping of cotton-wool round each thermopile and the adjacent window protected the instrum ent from draughts and stray radiation. The experi ments consisted in principle of varying by known amounts the C02-content of the air in one tube while keeping th a t in the other unchanged, and observing the changes of galvanometer deflection. A resistance, X , was inserted as shown in the diagram in order th a t the deflection should be zero when the tubes were similarly filled.
Details of the various parts of the apparatus are as follows. I t was found by experience th a t reflection from the walls of the tubes contributed largely to the quantity of radiation falling on the thermopiles, and stainless steel was found to be a satisfactory reflector. The tubes were therefore made of this material.
Discharges through C02 in vacuum tubes were first tried as sources of radiation, but the Meker burner flame proved to be the most satisfactory source. The intensity of the effective radiation was found to be considerably increased when the coal gas was diluted with C02-an effect which might be im portant when only very insensitive detecting instruments are available, but which we found it unnecessary to use. Fluctuations of the flame had little influence on the steadiness of the galvanometer readings, since they affected equally the radiation through both tubes. They were, however, reduced to a minimum by a regulator of the form shown in figure 2, which is self-explanatory, and gave no trouble a t all. The regulator served the further purpose of keeping a constant pressure of gas over long periods.
F ig u r e 2
Dark mica was used for the windows in preference to quartz because in addition to its relative cheapness it is largely opaque to visible light. The transparency of this substance is practically confined to the region I/ll-5//,, and reaches a maximum near 3-7 ji (Martin 1919) , so th at a large proportion of the radiation it transm its is absorbed by C02. Messrs F. Wiggins and Sons, of 102-4 Minories, E.C. 3, very kindly supplied samples of East African Biotite, Guatemala Muscovite, and Canadian Biotite for testing. All these substances proved satisfactory, the Guatemala Muscovite being the best, and this material was therefore used in the experiments. The thickness was such th a t the windows tended to buckle when the pressures on the two sides differed by more than about 15 cm. of mercury, but it was not necessary to exceed this amount in any of the experiments.
The resistance and sensitivity of each of the thermopiles were measured, with the following results:
Tx. Resistance = 34-60 Q. Sensitivity to radiation = 3-4 x 10~8 V per erg per sec.
T2. Resistance = 31-24
Q. Sensitivity to radiation = 3-0 x 10~8 V per erg per sec.
The values for sensitivity are only approximate, since it was unnecessary to take the elaborate precautions required to obtain precise results.
The galvanometer was a moving coil instrum ent, having a resistance of 36-3 Q and giving a deflection of 25 mm. per juA on a scale 95 cm. away.
The general sensitivity of the detecting apparatus is best indicated by the fact that, with a screen in front of tube B and C02-free dry air in A , the radiation falling on Tx gave a deflection of about 360 mm. with resistance R = 0 (figure 1).
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wave-length F ig u r e 3
The curves in figure 3 (obtained with a Hilger infra-red spectrometer) show the transmission of radiation of wave-lengths between l/i and 5y through one of the tubes when filled with dry air containing 0-0, 0-11 and 0-21 % of C02, respectively. The extent and intensity of the C02 band are clearly shown.
Course of t h e e x p e r im e n t s
The procedure adopted was as follows. The galvanometer was first balanced, with both tubes ( A and B) filled with air fro vapour and C02 had been removed by passage through P20 5 and soda lime. A quantity of air was then withdrawn from B by means of the waterpump (which was connected to the apparatus through a tube containing P A ) , the amount being measured by the fall of pressure indicated by a mercury manometer. The pressure was restored to equality with th a t in A by attaching to the inlet tube of Ba small length of tubing, taps, which had previously been filled with pure dry C02 (generated by the action of HC1 on potassium carbonate and dried by phosphorus pentoxide), and driving the C02 into tube B with a current of dried laboratory air freed from C02 by passage over soda lime. (The volume of air withdrawn from B was, of course, in every case much greater than the volume of K .)This method of introduction helped to distribute the C02 fairly uniformly throughout the tube. The resulting deflection of the gal vanometer was noted. (Alternatively, the change of X necessary to restore zero deflection could have been observed.)
This procedure was repeated with various values of the volume, v, of K and of the pressure reduction, dp, in B. The deflection was, as expected, found to be independent of dp except for slight irregular fluctuations, and to attain a constant value very quickly. A mean deflection was therefore taken for each value of v. The results are plotted in figure 4, in which v is expressed as a percentage of C02 in air a t normal pressure.
As a check, a few experiments were made in which the air driving the C 02 into B had not itself been previously freed from C02. In these cases, of course, the deflection was not independent of dp, since C02 was introduced with the laboratory air as well as from K . Extrapolation gave the deflection for a pressure reduction corresponding to the removal from of a volume of air equal to v, and this was taken as the deflection produced by the C02 in K . Points in figure 4 so obtained are indicated by crosses, and are seen to give the same graph as the others.
The volume v was determined by weighing the mercury necessary to fill K , and the various values were obtained by using different tubes and inserting in them pieces of copper wire of known volume.
D iscu ssio n of r esu lts I t will be seen from figure 4 th a t the method is accurate and trustworthy, and th at its sensitivity increases as the C02-content of the air diminishes.
Our investigations do not extend to higher concentrations than about 0-2%, but the curve suggests th a t fair precision might be obtained over a small range above this value.
No allowance was made for changes of room temperature, which varied between 20-6 and 23-7°C during the experiments. Such fluctuations had no appreciable effect on the readings, so th a t the method may be considered satisfactory w ithout corrections so far as ordinary tem perature changes are concerned. As has been said, this gives it a great advantage over methods depending on variations of absorption at the maximum of the band.
H. Dingle and A. W. Pryce percen tag e o f C 0 2 in air I t is im portant, however, to allow the burner to remain alight in position for some time (45 min. was sufficient in our experiments) before readings are begun. This is necessary, apparently, in order th a t the tubes and mica windows shall attain a constant tem perature and the air in the neighbour hood of the flame a constant C 02-content. Steady conditions having been established, however, there is no difficulty in obtaining consistent results.
